The true polarization diversity (TPD) technique is combined with the spatial diversity technique in novel MIMO antenna array geometries with a large number of elements. The use of a large number of elements requires some angular reuse within the array for polarization diversity. With designs compatible with existing base station antenna array configurations, the novel geometries with combining diversity schemes are shown to be able to achieve near the maximum spectral efficiencies. True polarization diversity (TPD) schemes are found to be an excellent complement to more conventional spatial diversity schemes for obtaining optimum MIMO array performance in base station antennas.
Introduction
The application of MIMO techniques [1, 2] in user wireless terminals is now a reality. An element having a strong effect on final measured spectral efficiencies in practice and that has received strong attention in the literature is the antenna efficiency [3] [4] [5] . The use of MIMO techniques in the base station antenna array, however, is still very limited considering that the base station side does not have the strict volume limitations that exist on the UE size. Enhancements are being developed on the use of multiple carriers (carrier aggregation) with the same 2 × 2 MIMO scheme, therefore exploiting the spectrum domain, rather than further exploiting the spatial-angular domain. The basic principle of diversity in wireless communication systems is that MIMO transmitted signals experience different signal fading due to different channel conditions, and these different signals are only partially correlated, something which therefore can be exploited upon reception by diverse techniques (selection combining, maximum ratio combining, etc.). The aim is to get some gain over the situation in which no diversity is employed, that is, similar throughput values for lower signal to noise ratios. For MIMO modes, the idea is to exploit the different eigenvalues existing on the channel to obtain enhanced throughput values for the same signal to noise ratios. In multipath propagation conditions each received antenna experiences a different fading environment. In consequence, multiple diversity dimensions can be exploited in receivers, and this is in fact a commonly used technique in current commercial user equipment-(UE-) integrated antenna MIMO arrays.
Among the possible diversity variations, polarization diversity [5, 6] was recently extended beyond the concept of orthogonal polarization diversity (OPD) in which only two orthogonal polarization states were used to a much more general true polarization diversity (TPD) [5] in which, in MIMO antenna array, several polarization states can be effectively reused for obtaining larger capacities. The idea is that the correlation between consecutive elements can be minimized beyond the use of orthogonal states, resulting in MIMO combinations which were found to be as effective as spatial diversity in [5] and a strong potential candidate for future base station antenna designs when combined with spatial diversity. TPD designs were found to start outperforming conventional OPD designs with as low as three antenna elements in the array.
In this contribution, the potential of the combined TPD and the spatial diversity techniques is further demonstrated for obtaining large capacities with reduced array dimensions and a large number of antennas in novel geometries suitable for integration in existing base station antenna arrays. Results will show that the combined spatial-TPD technique employing efficient angular reuse provides for enhanced capacities, only limited by the limited number of antennas. Moreover, it will be concluded that, for specific scenarios, polarization diversity or spatial diversity only schemed may be more efficient for final enhanced base station MIMO antenna performance.
The paper is organized as follows. Section 2 describes and validates the developed model for obtaining the spatialangular combined correlation function. Section 3 provides combined results for both spatial and angular diversity combinations with reuse of polarization states. Section 4 analyzes the obtained results. Finally, conclusions are outlined in Section 5.
Correlation Model
To fully characterize the potential diversity between two antennas, the correlation function between them has to be studied. A method which is extensively used for measuring the correlation coefficient between two antennas is the reverberation chamber (RC) [7] [8] [9] , which has already shown that a correlation coefficient below 0.5 can hardly benefit the final measured capacity beyond what is obtained at 0.5 [10] . In this contribution, the correlation between two dipoles separated an arbitrary spatial and angular distance will be studied. The spatial correlation function for two parallel dipoles is well known in the literature, and the spatial correlation function of two dipoles with both a spatial separation of wavelengths and an angular separation of degrees was presented in [11] .
In this section the spatial, angular, and spatial-angularcombined correlation functions are estimated and validated using measurements in a commercial reverberation chamber.
Spatial Correlation Model.
The model typically used to calculate the spatial correlation among antennas is well known and it is described in [1] and has been previously validated for its use in a reverberation chamber in [2] [3] [4] . The spatial correlation between two antennas is defined as
where 0 is the zeroth-order Bessel functions of the first kind, − spa = 2 * * spa / , spa is the interelement spatial distance, and is the wavelength.
Angular Correlation
Model. An empirical model is proposed for the estimation of the angular correlation between two antennas. In this model, the angular separation is considered to be equivalent to the spatial separation between antennas, and therefore an equivalent angular distance ang can be defined as where − is a function defined by
where − is the interelement angular distance. Thus, the angular correlation would be similar to
where eq = 2 * * eq .
The envelope correlation coefficient versus angular separation estimated using this empirical model for a pair of halfwave dipole antennas is illustrated in Figure 1 .
In order to validate the angular correlation model, the correlation matrix of a pair of antennas with angular separations was measured on an EMITE E400 mode-stirred source-stirred MIMO analyzer reverberation chamber. This commercial system has been validated by 3GPP and CTIA (see Appendix A in [12] ). The EMITE E400 MIMO analyzer reverberation chamber consists of a compact reverberation chamber (2.70 × 2.00 × 1.55 m) with eight source antennas (source-stirring), three metallic mode-stirrers (modestirring), and a turntable (platform-stirring), with ∼690 MHz lowest frequency of operation. The test setup is depicted in Figure 2 .
Correlation measurements were performed while a dipole was rotated with respect to the other from 0 to 360
∘ steps. Measurements were performed at 900 MHz and half-wave dipoles were used as MIMO array antennas. Results, depicted in Figure 3 , show a good matching between the angular correlation model and measured results. 
Combined Correlation Model.
The spatial correlation model and the angular correlation model validated above can be combined by adding the spatial and angular equivalent distances, so that
where total = 2 * * ( spa + ang ) . Figure 4 shows the estimated combined correlation function versus − angular distances using the model described above for a pair of dipole antennas separated by 0.1, 0.2, and 0.5 spatial distances spa , with spa = spa / . Similarly, Figure 5 illustrates the estimated combined correlation function versus spatial distances spa using the model described above for a pair of dipole antennas separated angularly by 30, 90, and 120 degrees ( − ). The model was validated through measurements that were carried out using the reverberation chamber. A comparison between measurements and the simulations using the proposed combined model is illustrated in Figure 6 . It can be observed that the proposed model matches very well the performed measurements.
Novel MIMO Array Schemes

MIMO Array Configurations and Capacity.
The MIMO array geometries depicted in Figure 7 with a regularly distributed number of dipoles were first studied. While it becomes difficult for a particular selection of an interelement angular separation to repeat angular distances between the first and the th element, the proposed combined spatial-TPD schemes really reuse states once a full rotation over 360 ∘ is employed, which depends on the total number of dipole elements used. The particular different orientation of one device with respect to the next and previous one, however, is expected to result in enhanced MIMO performance.
The estimation of MIMO capacity was performed using the model proposed in [3] , which requires a measurement of the MIMO correlation matrix. In [3] , the correlation at the transmission side is neglected, and it is applicable when the angular spread is around 180 (all directions of arrival have the same probability). This condition does in fact resemble the isotropic behavior of the channel fading in a reverberation chamber, as the transmission antennas are typically separated by large spatial and angular distances and all directions of arrival have the same probability. The MIMO capacity thus calculated, also known as maximum allowable Shannon capacity, is defined by MIMO = log 2 (det ( + SNR * )) bits/s/Hz. (8) In order to study the effect of combining TPD to spatial diversity on some novel MIMO array geometries, half-wave dipole antennas were located in fixed positions so that the correlation and capacity of the system due to the spatial diversity are constant values, and the angular interelement spacing was modified. Two different array antenna geometries, illustrated in Figure 7 , were studied; dipoles were located on a circumference and on a spiral curve. In the circumference design, dipoles had the same distance to the center of the array, with a perfect symmetry. Figure 7 shows an example with 16 dipoles with a circumference radius of 0.25 spa / . The logarithmic spiral design also depicted in Figure 7 pertains to more irregular and asymmetric noncontiguous element separations, and it is also more suitable for integration on a vertically installed base station antenna array. An equivalent spiral "radius" was defined as the distance from the farthest dipole to the centre of a two-turn spiral in order to obtain certain analogy to the circumference.
With Figure 7 and Table 1 as an example, 10 different angular reuse variations of the initial distribution of MIMO arrays consisting of 1 up to 50 dipole antennas were studied. Each new angular reuse variation was designed by assigning a specific angle value progressively among 0-360 ∘ to each dipole, so that the angular distance among adjacent dipoles becomes adj = 360 * ( th var) elem ,
where adj is the angular separation among adjacent dipole antennas in the MIMO array, th var is the angular reuse variation number, and elem is the number of dipole antenna elements in the MIMO array ( Figure 7 and Table 1 use 16 dipoles as an example). The angular orientation of each dipole antenna in the MIMO array can then be obtained by
where is the angular orientation of the th dipole in the MIMO antenna array. In this way each angular orientation is used a number of times equal to the number of angular reuses employed. As an example, Table 1 shows the angular orientations of 10 different angular reuse variations using elem = 16, that is, the same geometry systems that are shown in Figure 7 . The conventional MIMO array in which only spatial diversity is employed is also listed in Table 1 and used for comparison purposes. Figure 7 and the 10 variations of angular reuse following the scheme of Table 1 for a number of dipole elements ranging from 1 to 50. The capacity for the conventional spatial diversity scheme without angular reuse was also estimated for comparison purposes. Results for the circumference and the spiral scenarios with a fixed radius of 0.25 spa / are depicted in Figures 8  and 9 , respectively, for a signal to noise ratio (SNR) of 15 dB. The effect of using a smaller or larger radius is illustrated in Figures 10-13. Figures 10 and 11 depict the results for a circumference geometry with radius of 0.1 and 0.5 spa / , respectively. Similarly, Figures 12 and 13 depict the results for a spiral geometry with radius of 0.1 and 0.5 spa / , respectively. 
Evaluation of Results. MIMO capacity estimates were obtained for the different spatial geometries in
Analysis of Results
A careful analysis of Figures 8-13 reveals several interesting findings. First, any combined spatial-angular scheme outperforms the conventional spatial-only diversity scheme. It is also clear from the results that the different geometries have different maximum boundaries for the capacity. In general, the circular geometry seems to be a more capacity-efficient geometry than the spiral one, yet it also takes a larger overall surface for a small number of total dipole antenna elements, while the spiral geometry can be adapted to existing vertically mounted base station antenna arrays. It is worth noting that while the antenna array with the spiral geometry may reduce the size compared with the circumference one, the MIMO capacity is also degraded, and consequently a trade-off exists between volume reduction and high capacity. In fact, the size of the array with the circumference geometry may be considered smaller than that of the spiral scenario as the antenna elements only occupy the periphery. This allows for the volume inside the circumference to be used for other purposes, like placing the electronics, for example.
It is also very clear from results that the spatial-only diversity scheme has a clear capacity limit regardless of the number of elements above a specific threshold. In other words, there are a specific number of elements for the spatial-only diversity schemes above which adding additional elements does not translate into larger MIMO capacity. Likewise, it can be observed that the number of elements above which there is little improvement is smaller as the geometry radius is smaller. It is also clearly visible in all figures that true polarization diversity (TPD) serves as a perfect complement to spatial diversity in order to achieve near to maximum allowable capacities. It is equally interesting to observe that, for 30 antenna elements and beyond, the specific polarization diversity configuration that is combined with spatial diversity plays a minor role, while a higher variation in final performance can be observed when there are less than 30 antenna elements. appropriate interelement angular separation seems to be a key factor for achieving optimum performance.
Conclusions
True polarization diversity (TPD) schemes for MIMO antenna arrays have been demonstrated to be quite useful to complement spatial diversity for achieving near to maximum allowable spectral efficiencies. While initially observed as less efficient, spiral-based geometries can achieve spectral efficiencies like more efficient circumference designs when optimizing the angular interelement spacing, which can be useful for enhancing the MIMO performance of existing base station antenna arrays.
